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SUMMARY 
The f e a s i b i l i t y  of  developing a high 
temperature  c a p a c i t o r  f o r  llOOoF o p e r a t i o n  
which is a s  s m a l l  a r d  l i g h t  as conven t iona l  
c a p a c i t o r s  f o r  normal opera t ing  temperatures  
is d i scussed  i n  t h i s  paper.  
Pyro ly ic  boron n i t r i d e  (PBN) was select- 
ed f o r  the d i e l e c t r i c  a f t e r  e v a l u a t i n g  t h r e e  
o t h e r  c a n d i d a t e  m a t e r i a l s  a t  temperatures  up 
t o  1100oF. PEN c a p a c i t o r s  were made by slic- 
ing  and l app ing  . n a t e r i a l  from t h i c k  blocks  
and then  s p u t t e r i n g  t h i n  f i l m  e l e c t r o d e s .  
These c a p a c i t o r s  had breakdown s t r e n g t h s  of 
7,000 v o l t s  p e r  m i l  and a d i s s i p a t i o n  f a c t o r  
of less than  0.001 a t  l l O O O ~ .  
Addi t iona l  p rocess ing  improvements were 
made a f t e r  t e s t i n g  a mul t i - l ayer  o r  s t acked  
PBN c a s c i t o r  f o r  1,000 hours  a t  1 1 0 0 ~ ~ .  
S p u t t e r  e t c h i n g  t h e  wafers  h e f o r e  d e p o s i t i n g  
e l e c t r c 3 e s  r e s u l t e d  i n  a 2-3 f o l d  r e d u c t i o n  
i n  d i s s i p a t i o n  f a c t o r .  A s p u t t e r e d  boron 
n i t r i d e  f i l n  a p p l i e d  t o  t h e  o u t e r  e l e c t r c d e  
s u r f a c e s  produced a n o r e  s t a b l e  c a p a c i t o r .  
T h i s  d a t a  w i l l  be p resen ted  toge ther  wi th  a 
des ign  f o r  a 0.1 p c a p a c i t o r  and a summary 
of PBN wafer f a b r i c a t i o n  c o s t s .  
INTRODUCTION 
C a p a c i t o r s  were one of t h e  e l e c t r i c a l  
components t h a t  l i m i t e d  t h e  o p e r a t i n g  temper- 
a t u r e s  i n  t h e  advanced electric power systems 
being developed f o r  s p a c e c r a f t  i n  t h e  1960s. 
A s  electric power requirements  i n  s p a c e c r a f t  
i n c r e a s e ,  t h e  amount of  power l o s t  a s  h e a t  
a l s o  inc reases .  T h i s  h e a t  must b e  removed t o  
keep temperatures  from b u i l d i n g  up beyond t h e  
o p e r a t i n g  limits of t h e  e l e c t r i c a i  compo- 
nents.  S p e c i a l l y  designed mica c a p a c i t o r s  
were a v a i l a b l e  f o r  7 5 0 9  o p e r a t i o n  kt t h e s e  
d e v i c e s  were l a r g e r  and heav ie r  than  s t andard  
u n i t s .  I n  o r d e r  t o  b u i l d  a h igher  tempera- 
tu re - l igh tweigh t  c a p a c i t o r ,  a b e t t e r  d ie -  
lectric was needed. 
MATERIAL SELECTION 
A t  l e a s t  t e n  d i f f e r e n t  d i e l e c t r i c  mater- 
i a l s  were cons ide red  i n i t i a l l y  a s  c a n d i d a t e s  
f o r  a high temperature  c a p a c i t o r .  From pub- 
l i s h e d  d a t a ,  f o u r  l i k e l y  m a t e r i a l s  were sel- 
e c t e d  f o r  test: s i n g l e  c r y s t a l  A1.2O3, poly- 
c r y s t a l l i n e  A120 , h o t  pressed B e 0  and pyro- 
l y t i c  boron n i t r  f d e  ( P y r o l y t i c  boron n i t r i d e ,  
formed by a chemical d e p o s i t i o n  p rocess  a t  
3 6 0 0 ~ ~ ~  is a denser  and purer  m a t e r i a l  than  
compressed and s i n t e r e d  boron n i t r i d e ) .  
Wafers were s l i c e d  f r a n  blocks  or p i e c e s  of 
t h e  c a n d i d a t e  miterials and then lapwed and 
s o f t  (Moh's sca le -2 )  and less b r i t t l e .  I t  
w a s  found t h a t  PBN cou ld  be  lapped i n t o  f l e x -  
i b l e ,  g in-hole  tree wafe rs  as t h i n  a s  0.0004 
i n c h e s  from t h i c k  b locks  of s t a r t i n g  mat.eria1 
(1). 
A f t e r  c a r e f u l  c l e a n i n g ,  t h i n  f i l m  elec- 
t r o d e s  of platinum - 20% rhodium were a p p l i e d  
by DC t r i o d e  s p u t t e r i n g .  G l a s s  masks were 
used f o r  p a t '  .arn definition. A smal l  test 
fu rnace  was b u t l t  t o  f i t  i n s i d e  a n  18-inch 
g l a s s  b e l l  j a r  t h a t  was pumped t o  t h e  test  
p r e s s u r e  of 1-4 x 10-7 T o r r  wi th  a l i q u i d  
n i t r o g e n  t rapped dii ' f  u s i o n  pump. Elec- 
t r i c a l  tests of t h e  s i n g l e  wafer  c a p a c i t o r s  
i n  vacuum a t  temperatures  u;l t o  11001* 
showed t h a t  p y r o l y i c  boron n i t r i d e  was by 
f a r  t h e  b e s t  m a t e r i a l .  The d i s s i p a t i o n  
f a c t o r  of PBN c a p a c i t o r s  urxs less than  
0.001, 10 t o  100 t i m e . ;  b e t t e r  than  t h a t  of 
c a p a c i t o r s  made from t h e  o t h e r  c a n d i d a t e  
m a t e r i a l s  a s  shown i n  F i g u r e  1. 
pol ished.  S ince  c a p a c i t a n c e  v a r i e s ' i n v e r s e l y  Cmprison of Dissipt.on 
a s  t h e  t h i c k n e s s  of t h e  d i e l e c t r i c  m a t e r i a l ,  
the wafe rs  were made as t h i n  as p r a c t i c a b l e .  Versus  Temparature f o r  Candida te  
The t h i n n e s t  wafe r s  were produced from w r o -  P u r i t y  M a t e r i a l s .  
l y t i c  boron n i t r i d e  (PBN): This  materiii is 
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F i g u r e  2 shows t h a t  t h e  change i n  c a p a c i t a n c e  The p l a t inum s p u t t e r i n g  t a r g e t s  were p o s i -  
from room tempera tu re  t o  llOO°F was minus 1 . 7  t i o n e d  on o p p o s i t e  s i d e s  of s wafer .  The 
p e r c e n t  cor:pared w i t h  p l u s  10  p e r c e n t  f o r  wafer  was clamped between two g l a s s  vaskr, a s  
s i n g l e  c r l s t a l  Al203. The measured DC break-  shown i n  F i g u r e  4 s o  t h a t  bo th  s u r f a c e s  of 
down v o l t a g e  was 7,000 v o l t s  p e r  m i l  f o r  a 
0.001 i n c h  PBN c a p a c i t o r  a t  l l O o O ~ ,  compared ,- 
t o  1800 v o l t s  p e r  m j l  f o r  t h e  c l o s e s t  com- 
p e t i n g  m a t e r i a l  ( s i n g l e  c r y s t a l  A1203). 
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F i g u r e  4 .  G l a s s  masks used =or  s p u t t e r i n g  
- e l e c t r o d e s  or. ta::bed wafers.  
- PYROLYZIC SOROtI t l I Z R I D E  - t h e  wafer  were c o a t e d  a': t h e  same time i n -  
c l u d i n g  t h e  conduc t ing  pa th  around each t ab .  
! I I I I  1 1 1 1 1 1  By p r o p e r l y  o r i e n t i n s  t h e  tabbed wafe r s ,  
200 400 600 800 1000 1200 a l t e r n a t e  e l e c t r o d e s  a r e  connected  t o g e t h e r  
ZEWCPATURZ I . F I  a s  shown i n  F i s u r e  5. The t o t a l  measured 
c a p a c i t a n c e  of  each s t a c k  is then t h e  sum o f  
F i g u r e  2. Change i n  C a p a c i t a n c e  From Room t h e  c a p a c i t a n c e s  of a l :  wafers .  
Temperature t o  1100* f o r  Candi- 
d a t e  M a t e r i a l s .  
PYtlOLYTIC BORON NITRIDE CAPACITORS 
-- 
To o b t a i n  h i g h e r  c a p a c i t a n c e  u n i t s ,  
i n d i v i d u a l  PBN c a p a c i t o r  w a f e r s  were  s l ~ a p e d ,  
e l e c t r o d e d  w i t h  s p u t t e r e d  p l a t inum an2 s t ack -  
ed. A c t u a l  c a p a c i t o r  w a f e r s  ( r e c t a n g u l a r  and 
round w i t h  t a b s )  a r e  shown i n  F i g u r e  3. 
WAFER hC. I Lp- 
WAFER NO. 2 a'- 
WAFER NO. 3 = 1 
' H A A R  NO. 4 x- ' I 
WAFER NO. 5 cz-
P A R A L U L  INTERCONNECTION ;LdME 
F i g u r e  5. A Five-Layer Stacked C a p a c i t o r  
Showing Tabbed Wafers and E l e c t r o d e  
Geometries and E l e c t r o d e  O r i e n t a -  
t i o n  Kecesuary f o r  P a r a l l e l  
F i g u r e  3 .  Photograph of ~ t z t a n g u l a r  PBN E l e c t r i c a :  Intc!rconnection.  
C a p a c i t o r  Wafers and t abbed  0.750-inch 
d i ame te r  w a f e r s .  
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TABLE 1 
-- 
P y r o l y t i c  Boron N i t r i d e  Capac i to r  Zompared w i t h  Lower-Temperature Capac i to r s*  
Capaci tance 
DC Maximum Capaci tance Volumetric Change from D i s s i p a t i o n  
Capac i to r  Working Operat ing p e r  Uni t  Volume Eff i c i e n c s  R o a n  Temp. F a c t o r  
Type Vol tage ~emp.  (4) ( p / i n .  (PF- in. t o  ~t 1 k ~ z  
Meta l l i zed  
Polycarbonate  600 
Tef lon,  Poi 1 200 
E lec t rodes  
Mica 
(commercial 1 15C 
Mica 
(experin;ental) 250 
Pyx l y t i c  500 t o  Boron N i t r i d e  1000 0.8 t o  1.74 400 t o  1740 4009 , -05% 0.0bl s t  400% 
(5-wafer s t a c k )  1100 iuncased) (uncascd) 11009,-1; 3 0.003 a t  llOOoF 
*Values a r e  t y p i c a l  %r t h e  g e n e r a l  t y p ? s  of d i e l e c t r i c  systems i c d i c a t e d .  
E lec t rode  t h i c k n e s s  is n e g l i g i b l e  (about 
0.00001 inch)  making t h e  t o t a l  s t a c k  h e i g h t  
e s s e n t i a l l y  t h e  sum of t h e  t h i c k n e s s e s  of t h e  
PBN wafers.  T h i s  c o n s t r u c t i o n  produces high- 
er capac i t ance  pe r  u n i t  volume than  t h a t  of 
o t h e r  c a p a c i t o r  types ,  and d l s o  c o ~ s i d e r a b l y  
higher  vo lumet r i c  e f f i c i e n c y .  These and 
otPier  q u a l i t i e s  are compared i n  Table 1 f o r  
a PBN c a p a c i t o r  and s e v e r a l  commercial 
capac i to r s .  
F i g u r e  6. Change in ma il.t:gs of  r loo and x loo 
an 
~ - 
a8 a ?unction or Tina and Incraasad DC Enerqirinq 
Volt-. for . ?lVEI.f*X Ihllt1-L.yer ?yrolytic 
Wmn mitrid. Capnoitor with Iputearad 
P l a t i n n  cleetr06.e i n  Vacuu a t  1100' ? 
A 5 wafer PBN c a p a c i t o r  w a s  l i f e  t e s t e d  
a t  1 1 0 0 0 ~  i n  vacuum f o r  a t o t a l  of 1120 hours  
a t  a DC v o l t a g e  stress up t o  1,000 v o l t s  pe: 
m i l .  F i g u r e  6 shows t h e  change i n  d i s s i p a -  
t i o n  f a c t o r  and c a p a c i t a n c e  a s  f u n c t i o n s  of 
t ime and i n c r e a s i n g  vo l t age .  Note, however, 
t h a t  a more r a p i d  change i n  c a p a c i t a n c e  
occurred a t  477 hours  which corresponds t o  
a n  i n c r e a s e  i n  e n e r g i z i n g  v o l t a g e  from 750 
t o  1,000 v o l t s  pe r  m i l .  Subsequent a n a l y s i s  
showed t h a t  t h e s e  changes were probably du* 
 ti^ a s l i g h t  s e p a r a t i o n  of  e l e c t r o d e s  from t h e  
wafer s u r f a c e s  i n  t h e  s t a l k e d  c a p a c i t o r .  
FABRICATION 24PROVEMENTS 
Two methods were developed to i.npzove t h e  
e l e c t r o d e  adherence on PBN wafe rs  i n  a 
s tacked c a p a c i t o r .  The f i r s t  n e t h d  was t o  
RF s p u t t e r  e t c h  ( t e x t u r i z e ,  bo th  :;urfaces of 
a PBN wafer j u s t  p r i o r  t o  d e p o s i t i n g  e l e c -  
t rodes .  T h i s  t r e a t m e n t  produced a n  u l t r a  
c l e a n  s u r f a c e  and e l e c t r o d e  ad!letrance v a l u e s  
g r e a t e r  t h a n  1,000 p s i .  A 2-3 f o l d  r e d u c t i o n  
i n  d i s s i p a t i o n  f a c t o r  was a n  unexpected bonus 
compared t o  c a p e c i t o r s  made without  etchir-g . 
The reduc t ion  i n  d i s s i p a t i o n  f a c t o r  is  a t t r i -  
buted t o  t h e  removal of mechanical ly  d i s t u r '  -4  
s u r f a c e  l a y e r s  produced dur inu f i n a l  lapping.  
About 3,000 angstroms was remover' from each 
s u r f a c e  of a PBd wafer by s p u t t e r  e t c h i n g .  
Remc vdi. of a d d i t i o n a l  m a t e r i a l  had a n e g l i -  
g i b l e  a f f e c t  on d i s s i p a t i o n  f a c t o r .  
The second inprovement w a s  t o  d r + s i t  a 
diffusion b a r r i e r  l a y e r  over  t h e  o u t e r  s u r -  
f a c e s  of each  s l e c t r o d e  t o  p reven t  i n t e r -  
e l e c t r o d e  bonding i n  a s t acked  c a p a c i t o r .  
Boron n i t r i d e  was RF s p u t t e r e d  from a PBN 
t a r g e t  us ing  a g l a s s  mask to p r o t e c t  t h e  
c o n t a c t  t abs .  About 500 angstroms o f  boron 
n i t r i d e  was d e p o s i t e d  on  each e l e c t r o d e  a t  
70 angstroms per  minute.  
A t h r e e  wafer c a p a c i t o r  was t e s t e d  t h a t  
incorpora ted  t h e s e  improvements ( s p u t t e r  
e t c h i n g  and BN b a r r i e r  l a y e r s ) .  F i g u r e  7 
compares t h e  rate of change i n  c a p a c i t a n c e  
Figure 7.  Comparison of tk.e Change i n  C a p -  
c i tance  Versus Tine a t  500 V dc /Ui l  
i n  Vacum a t  11000 P f o r  Pyroly t ic  
Boron Ni t r ide  Hulti-Layer Capaci- 
t o r s  With and Without Sputtered 
Boron Ni t r ide  Barr ie r  Layers. 
~. 
versus ' ae f o r  t he  improved 3 wafer capaci- 
..-or am5 rhe o r ig ina l  5 wafer capaci tor .  The 
5 wafer capaci tor  shows a neg l ig ib l e  change 
i n  capacitance f o r  the dur.-.tion of  t h e  test 
(75 itours a t  11OJOF). 
LARGER PBN CAPACITORS AND COST ANALYSIS 
The spec ia l ly  designed ceramic package 
shown i n  Figure 8 was fabr ica ted  t o  provide 
t h s  necessary compressive forces ,  o r i e n t  and 
hold PBN capaci tor  wafers and provide a 
hermetic enclosure. More than 40 de fec t  
f r e e  PBN capaci tors  were made with spu t t e r  
etched surfaces and boron n i t r i d e  b a r r i e r  
layers  f o r  t h i s  package. The package has 
s u f f i c i e n t  i n t e rna l  volume t o  hold more 
than 360 capaci tor  wafers which would be 
equivalent t o  a c 1 UF capaci tor .  I n  1976 
a c o s t  ana lys i s  was made based on y i e ld  
h t a  from previo?ls laboratory experience 
with t h i s  process. A 16 percent. ove ra l l  
y ie ld  assumption was made (from r a w  material 
to f i n a l  t e s t ) .  The c o s t  t o  f a b r i c a t e  572 
f inished wafers (equivalent to  0.16 w a s  
- about $51,000. Half of t h i s  c o s t  was f o r  
purchased raw mater ia l s  (PBN: i n  the  form of 
I x i x ye inch hiocks. 
CONCLUSIONS 
Pyrolyic boron n i t r i d e  capac i to r s  oLfer 
t he  p r a i s e  of high s t a b i l i t y  and r e l i a b i l i t y  
wer lang periods i n  a w i 3 e  range of environ- 
ments and operat ing condit.ions. These new 
capaci tors  should find use  i n  many demanding 
applicat ions.  The c o s t  t o  make these capa- 
c i t o r s  by s l i c i r y  and lapping th ick  blocks of 
material is a d e t e r r e n t  t o  ccminercialiration. 
A study of methods of producing low de fec t  
t h i n  f i lms  of PBN would provide the  basis 
f o r  a more cost ef t 'ective high temperature 
capaci tor  technology. 
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Figare 8. PBN Capacttor Hermetic Package - 
Volume 0.87 1n3 ( to O.luF) 
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